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ABSTRACT 
 
 With rising demand for tire production all over the world, natural rubber supply has not 
been adequate for tire industry. There are, however, multiple solutions proposed so as to 
overcome the existing rubber shortages. Of these solutions, synthetic rubber production has 
become wide-spread application. In order to produce synthetic rubber, it is incumbent on 
obtaining isoprene -monomer of synthetic rubber. Building block of synthetic rubber, isoprene 
can be produced by three different ways including chemical and petrochemical production. Apart 
from the methods of isoprene production abovementioned, biological synthesis of isoprene has 
been carried out by metabolic engineering that is environmentally-being application of 
commodity chemical production. Concerning the CO2 release for isoprene production, through 
petrochemical production methods, lured scientist into ruminating over bioisoprene feasibility. 
Bioisoprene production compared to other isoprene production methods were evaluated in terms 
of green metrics; and the only feasible way to produce bioisoprene is to use cheaper 
monosaccharides available for industrial microorganisms. Taken together, cheap carbon source-
derived bioisoprene production is unmet demand for the sake of feasibility of bioisoprene 
production. Utilizing lignocellulosic sugar, xylose, is a nascent approach for bioproduction of 
commodity chemicals. Since xylose, the second most abundant sugar after glucose, can be 
assimilated by microorganism as a cheap carbon source to make ethanol and other chemicals, 
bioisoprene production out of xylose is not far-fetched. In this thesis, bioisoprene production 
from xylose were investigated to mitigate the pressure for increasing rubber demand in the 
world. To achieve this goal, xylose-consuming CT2-Quadraople Mutant (QM) Saccharomyces 
cerevisiae became a platform strain for isoprene production; and four different plasmids 
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harboring isoprene synthase gene with strong promoter were constructed to introduce multi-copy 
isoprene synthase gene into CT2-QM genome. Every plasmid was digested with a specific 
restriction enzyme to provide homologous arms to yeast genome, resulting in integration of 
isoprene synthase into genome via homologous recombination. In doing so, multi-copy isoprene 
synthase gene harboring xylose-utilizing yeast strain were created; and tested their performances 
in the fermentation for bioisoprene production.  
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CHAPTER 1: INTRODUCTION 
1.1.Xylose: Lignocellulosic sugar 
 In the burgeoning demand of energy and commodity chemicals, scientist proposed 
biofuel production through metabolic engineering. With rapid development of biorefinery that 
produces biofuels, glucose became a primary source of biofuels. Corn and sugar cane that 
provide accessible and abundant glucose that has been main sources for carbon source to thrive 
bioeconomy by reducing petrochemical-driven fuel production (Lee et al., 2008). Having 
obtained available sugar for biofuel production, seeking the best microorganism to deliver the 
promise of biotechnology for biofuel production became crucial. Since budding yeast is robust 
and genetically amenable, Saccharomyces cerevisiae deemed as a potential fit to the description 
of desired industrial microorganism`s qualification for biofuel production (Liu, Redden and 
Alper, 2013; Pandey et al., 2019). 
However, for biofuel production via glucose utilization of yeast, “Food vs. Fuel” debate 
has emerged due in part of competing available food supply for biofuel production. The debate 
jolted the science community to seek new approaches that preclude tumultuous discussions on 
possible declining of food supply because of biofuel production. As such, lignocellulosic 
feedstocks, in leu of corn or sugar cane, from agricultural residues or/and energy corps having 
abundant sugars for biofuels has been investigated (Das, 2017). As potential sources for biofuel 
production, sweet sorghum, corn stover, switchgrass, energy cane, miscanthus giganteus, and 
sugarcane bagasse are promising feedstocks, just to name a few (David and Ragauskas, 2010; 
Kim and Day, 2011; Saha et al., 2013). Confounding with other acids and lignin, fermentable 
monosaccharides can be obtained through hydrolysis of those feedstocks. Of these 
monosaccharides, glucose makes up most of the sugar content in lignocellulosic biomass, 
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followed by xylose that is five-carbon monosaccharides with aldehyde group (Cheng et al., 
2019). At about 30% of available sugar of lignocellulosic biomass is xylose, suggesting that 
xylose can be a good source of fermentation for value-added products that is heavily produced 
by petrochemical industry (Myers et al., 2019). With enormous potential of abundant feedstocks, 
lignocellulosic ethanol might have been on the cusp of dominating biofuel industry (Zaldivar, 
Nielsen and Olsson, 2001).  
1.1.1 Xylose-fermenting Saccharomyces cerevisiae 
There was, however, stumbling blocks for lignocellulosic ethanol. Firstly, 
Saccharomyces cerevisiae cannot utilize xylose as a carbon source. It is because Saccharomyces 
cerevisiae does not have a xylose- assimilating metabolic pathway that requires certain genes of 
xylose metabolism. Secondly, Saccharomyces cerevisiae shows a phenotype called glucose 
repression, meaning that in the presence glucose, Saccharomyces cerevisiae uptakes only 
glucose even other carbon sources are present in the medium (Trumbly, 1992). 
To overcome those bottlenecks, the premise of xylose-consuming yeast should have been 
converting all available monosaccharides including glucose and other sugars from lignocellulosic 
biomass into ethanol, which presumably replaces gasoline produced by petrochemical industry. 
In doing so, lignocellulosic ethanol would not have been become far-fetched. With 
lignocellulosic ethanol, greenhouse emission would have been maintained in a substantial level. 
That`s why metabolic engineering for making yeast xylose-fermenting became paramount for the 
future of lignocellulosic ethanol (Zaldivar, Nielsen and Olsson, 2001). As such, numerous 
researches have been done as to create efficient and fast xylose-consuming yeast strain 
construction (Wei et al., 2013).  
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To that end, innate xylose-consuming microorganisms had been evaluated to be a gene 
donor for xylose-utilizing putative genes to express in Saccharomyces cerevisiae. A growing 
body of evidence did lend weight to two different metabolic pathways of xylose consuming by 
microorganisms, laying the groundwork for xylose metabolism in yeast. Xylose-utilizing 
oxidoreductive and isomerase pathways have been the main targets of cognate genes to express 
in yeast.   
Either of the pathways entails pitfalls and benefits in terms of funneling xylose into yeast 
carbon metabolism. Both pathways generate xylulose from xylose, heralding that xylose 
conversion into xylulose is imperative for catabolizing xylose for cellular reactions (Figure 1). 
The xylose isomerase gene forms xylulose from xylose by single reaction without any 
cofactor requirements. Even though the promise of isomerase pathway was enormous, it took 
time to come to a fruition. Early efforts of isomerase pathway in yeast had been efficiently 
expressing heterologous xylose isomerase genes from bacteria (Amore, Wilhelm and Hollenberg, 
1989; Hall, 1996; Moes, Pretorius and Zyl, 1996). Since bacterial xylose isomerase genes was 
bottleneck for isomerase pathway gene expression in yeast, three approaches were carried out: 
codon optimization of bacterial xylose isomerase, expressing new xylose isomerase genes from 
other sources, and/or directed evolution. Fortunately, expressing efficient xylose isomerase gene 
in yeast was successfully achieved by means of those strategies (Wiedemann and Boles, 2008; 
Lee, Jellison and Alper, 2012). Besides those applications, chaperones from Escherichia coli 
considerably increased xylose isomerase efficiency in yeast (Temer et al., 2017). 
Oxidoreductase pathway consists of two genes XYL1 and XYL2 expressing xylose 
reductase (XR) and xylitol dehydrogenase (XDH), respectively. Scheffersomyces stipitis  has 
been one of the most popular source of oxidorectase pathway genes (Papini et al., 2012; Liang et 
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al., 2014). Oxidoreductase pathway as an alternative xylose utilization path that forms xylulose 
with two-step sequential reactions does harness cofactors including NAD+ and NAD(P)H. Both 
cofactors are required to exert efficiently xylulose-producing reactions while xylose isomerase 
does not need any cofactor (Lee, Jellison and Alper, 2014). Since two cofactors ought to function 
sequentially, it was likely to see cofactor imbalance that leads to xylitol accumulation or low 
ethanol yield. Also, it was shown that the shortage of NAD(P)H led to impaired xylose uptake 
(Kwak et al., 2017a). That`s why yeast oxidative pentose pathway has to provide NAD(P)H, 
implying that aerobic fermentation is necessary for xylose utilization through oxidoreductase 
pathway. Moreover, NADH oxidation to NAD+ that is a cofactor for xylulose formation from 
xylitol cannot occur under anaerobic condition. Given that oxygen plays a critical role as an 
electron acceptor for the NADH oxidation, anaerobic culture condition would cause xylitol 
accumulation (Karhumaa et al., 2007; Li et al., 2016). Protein engineering for cofactor 
preferences of oxidoreductase genes(Cadete et al., 2016) , increasing XDH copy number (Kim et 
al., 2012), ZWF1 and GND1 deletion(Jeppsson and Gorwa-grauslund, 2002), GPD1 from 
Kluveromyces lactis expression (Verho et al., 2003), activating ammonia utilization pathway 
(Roca, Nielsen and Olsson, 2003), NoxE from Lactoccocus lactis expression (Liu, Ding and 
Zhang, 2012), acetate reduction pathway expression (Wei et al., 2013), Rubisco expression (Xia 
et al., 2017) were deployed to reduce all oxidoreductase pathway deficits. Apart from those 
approaches, adaptive laboratory evolution of XYL1 and XYL2 genes harboring xylose-utilizing 
Saccharomyces cerevisiae has tremendously improved the xylose uptake and ethanol yield; 
moreover, it showed the potential genetic perturbations of endogenous gene targets in favor of 
fast xylose metabolism in yeast (Kim et al., 2013). In this study, Kim et al., demonstrated that 
serial culturing of oxidoreductase genes harboring yeast can overcome xylose toxicity by the 
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mutation in PHO13 gene. Nonetheless the laboratory-evolved strain (SR7e) produce acetic acid 
that is toxic to cell growth. The acetic acid accumulation was surmounted by ALD6 deletion so 
that sustainable cell growth can be maintained under xylose culture condition. Taken together, 
PHO13 and ALD6 genes has been proven as a putative gene targets for xylose utilization in 
oxidoreductase pathway (Kim et al., 2013).Following previous report , our group deleted ALD6 
and PHO13 via CRISPR/Cas9 system to create a strain with a clean background. XYL1, XYL2, 
and XYL3 were integrated into D452-2 genome; and the engineered strain named CT2 (Tsai et 
al., 2015). 
Having created efficient xylose-fermenting Saccharomyces cerevisiae, other non-ethanol 
products production from xylose were investigated. Xylitol, isobutanol, 2,3 butadienol, ethylene 
glycol, lactic acid, squalene, and amorphadiene has become target products out of xylose, just to 
name a few (Lane, Dong and Jin, 2018).   
1.2 Isoprene: Metabolic valve 
 Isoprene is a five-carbon hemiterpene compound that is released by plants as a stress 
response against not only heat but also other stressors (Singsaas et al., 1997). Since the boiling 
point of isoprene is 34 °C, it is in gas form when plant emitted it to atmosphere (Liu et al., 2014).   
It acts like a metabolic valve to reduce surplus phosphate load within the plant cell. Isoprene-
emitting plants would not prefer to sequester phosphate in dimethylallyl pyrophosphate 
(DMAPP) that is the precursor of isoprene. With the help of isoprene synthase (ISPS) gene in the 
isoprene-emitting plants, DMAPP can be converted into isoprene (Magel et al., 2006). Even 
though isoprene is a non-methanogenic gas released from plant to the atmosphere, it can react 
with radicals in the presence of nitrate oxide compounds. That isoprene reaction with radicals 
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may be environmentally-detrimental due to the fact that the reaction contributes to ozone 
formation, which is unequivocally toxic to humans (Singsaas et al., 1997).  
 Isoprene can be a useful target chemical , despite its harmful effect on atmosphere, to 
produce rubber since isoprene is the building block of natural rubber that is heavily used for tire 
production all over the world (J. Yang et al., 2016). Natural rubber is obtained through tapping 
of Hevea braciliensis- rubber tree; and natural rubber has wide-spread implementation areas 
including car tire that is the biggest natural rubber-consuming industry. Since there are 
drawbacks related to natural rubber containing allergic compound or requiring more water to 
grow than other rubber plants-guayele and Russian dandelion- , natural rubber production has not 
been enough for rubber industry (Van Beilen and Poirier, 2007).  To close the gap between 
rubber demand from rubber industry and natural rubber supply from plants, synthetic rubber has 
emerged as a potential solution (Yang, Zhao, et al., 2012).  To synthesize a rubber from scratch, 
isoprene compounds is to be polymerized to produce polyisoprene, a natural rubber-like polymer 
synthetic rubber (Bode, Kerkhoff and Jendrossek, 2001). That isoprene is the building block of 
synthetic rubber made rubber industry seek alternative source for isoprene production to replace 
natural rubber with synthetic rubber (Mooibroek H. and Cornish, 2000).  
1.3 Bioisoprene 
 Concerning food link with biofuels to produce ethanol, and disadvantages of fuel 
properties of ethanol over fuel properties of gasoline triggered the quest for producing alternative 
non-ethanol value-added products through engineering metabolic pathways of host 
microorganisms. Isoprenoids are one of those non-ethanol value-added products (Peralta-Yahya 
et al., 2012). To produce isoprenoids two metabolic pathways are considered: Mevalonate 
(MVA) pathway and Methylerythritol phosphate (MEP) pathway. In terms of similarity of these 
7 
 
pathways, DMAPP is common intermediate of both pathways (C. Yang et al., 2016). In plants 
DMAPP is converted into isoprene by isoprene synthase gene. As such, isoprene can be 
produced by simply introducing isoprene synthase gene into a host having MEP or MVA 
pathway. Sasaki et al., characterized first Populus alba ISPS; and other ISPS genes from 
different sources were evaluated by its activity with different parameters such as pH and 
temperature (Sasaki, Ohara and Yazaki, 2005; Schnitzler et al., 2005; Ilmén et al., 2015; Yeom 
et al., 2018). Populus alba ISPS has been widely used gene for bioisoprene production (Yang, 
Xian, et al., 2012a; Lv, Xu and Yu, 2013; Wang et al., 2017). 
By introducing ISPS gene, Bacillus subtilis (Jusling et al., 2007), Escherichia coli (Zhao 
et al., 2011; Yang, Xian, et al., 2012b; Lv, Xu and Yu, 2013; Ramos et al., 2014; Liu, Lv and 
Tan, 2015; Gu et al., 2016; Woo et al., 2018; Li et al., 2019), Cyanobacteria (Chaves et al., 
2017), Saccharomyces cerevisiae (Yao et al., 2018) used as a host to produce bioisoprene. Also, 
there are other reports showing cell-free bioisoprene production (Korman et al., 2014; 
Opgenorth, Korman and Bowie, 2014). However, isoprene synthase enzyme has always been the 
rate-limiting step of bioisoprene production (Wang et al., 2017).  
1.4 Bioisoprene production by Saccharomyces cerevisiae 
Isoprenoids were deemed as potential target chemicals produced by yeast that has 
available Acetyl-CoA supply for isoprenoid production (Liu, Redden and Alper, 2013). Keasling 
group demonstrated anti-malaria drug isoprenoid amorphadiene production via metabolic 
engineering in yeast. They engineered yeast MVA pathway to produce amorhadiene (Ro et al., 
2006). Recently, it was reported that the production rate of amorphadiene was amounted to 40 
g/L. (Westfall et al., 2012). 
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 Besides the amorphadiene achievement in engineered MVA pathway of yeast, there are 
other isoprenoid-derived products overproduced in yeast through the MVA pathway (Reyes, 
Gomez and Kao, 2014). A growing body of evidence showed the potential of MVA pathway in 
yeast; therefore, the idea of bioisoprene production from available sugars was plausible (Wang et 
al., 2017). 
Towards that goal, firstly ISPS gene from Pueraria montana cloned into yeast; and 500 
µg/L isoprene produced by using galactose as a carbon source (Hong, Zurbriggen and Melis, 
2012). Also, ISPS gene from Populus alba introduced into yeast; and 47 µg/L isoprene generated 
by engineered yeast. With truncated HMG1, ACS2, and ERG10 overexpression; and ERG20 
downregulation, the isoprene concentration was amounted to 37 mg/L from sucrose. Moreover, it 
was reported that galactose and sucrose were the best carbon sources for bioisoprene production 
(Lv et al., 2014). In the following report of the same group reached 37 mg/L isoprene, 
mitochondrial expression of MVA pathway and ISPS genes were tested; and 2527 mg/L isoprene 
was produced (Lv et al., 2016). Recently, they demonstrated that error-prone PCR of ISPS gene 
significantly improved the isoprene production from glucose. The isoprene production reached to 
3 g/L in the bioreactor (Wang et al., 2017).    
1.5. Thesis overview 
 To close the gap between rubber demand and supply, bioisoprene production can be an 
alternative solution for synthetic rubber production.  Having evaluated the feasibility of 
bioisoprene production, only cheaper carbon source than glucose for bioisoprene production can 
outperform petrochemical isoprene production (Morais et al., 2015). Sourced from plant 
biomass, abundant and cheap sugar xylose can be a ideal carbon source to produce bioisoprene. 
Never have any group ever used xylose as a carbon source to produce bioisoprene up until now. 
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The focal point of this thesis is to introduce multi-copies of ISPS gene into xylose-consuming 
Saccharomyces cerevisiae (CT2-QM). The CT2-QM strain has been chosen as a platform strain 
to introduce multi-copy ISPS genes because of having uracil, leucine, histidine, and tryptophan 
autotrophy. With the help of insertion plasmids, 4 copies of ISPS introduced into CT2-QM 
strain`s uracil, leucine, histidine and tryptophan locations, respectively. Finally, multi-copy ISPS 
gene harboring CT2-QM-derived strains were metabolically assessed under xylose culture 
condition and glucose culture condition to compare both sugar sources effect on bioisoprene 
production. 
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CHAPTER 2: MATERIALS AND METHODS 
2.1 Medium and strains 
 To insert the ISPS gene into insertion plasmids pRS406, pRS405, pRS404 pRS403, 
codon-optimized ISPS gene were synthesized by IDT DNA. Synthesized gene were amplified 
with a pair of primer set to introduce XhoI/SpeI restriction enzyme sites into ISPS gene. After 
PCR amplification, PCR product purified via Qiagen Miniprep and digested with XhoI/SpeI 
restriction enzymes to make sticky ends. Also, p42K-GPD-CYC1 plasmid (Liu et al., 2016) were 
double-digested with XhoI/SpeI restriction enzymes to make identical sticky ends of ISPS gene. 
Following digestion of host vector p42K-GPD-CYC1 plasmid and PCR-amplified ISPS gene, 
size of digestion products was found via gel electrophoresis at 100 Volt for 36 minutes. 
Confirmed digestion products were purified, and ligated for 1 day in the refrigerator. Ligates 
were transformed into Top 10 E. coli.  
 E. coli transformants were cultivated into Luria-Bertani (LB) plates with 100 µg/L 
ampicillin to select the constructed plasmids harboring competent cell. 6 growing colonies on the 
LB plate and inoculated into 3 ml LB with 100 µg/L ampicillin medium in culture tubes. Culture 
tubes were incubated overnight at 37 °C with 250 rpm. Plasmids were extracted by the help of 
Qiagen Miniprep. Extracted plasmids` concentrations were measured in NanoDrop. Constructed 
plasmids and template plasmids were digested with specific enzymes. StuI, AgeI, Bsu36I, MscI 
restriction enzymes were used to digest pRS406 (URA), pRS405 (LEU), pRS404 (TRP) pRS403 
(HIS) insertion plasmids, respectively. After plasmid digestion, digested plasmids and digested 
template plasmids were run in the gel electrophoresis at 100 Volt for 36 minutes, following 30 
minutes gel dying with 20 µg/L Ethidium Bromide solution and 5 minutes washing in water. Gel 
pictures were taken under UV light to see the correct band for constructed plasmids. 
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 The yeast CT2-QM derived from CT2 (Tsai et al., 2015) were used as a platform strain. 
All digested ISPS gene harboring plasmids and control plasmids were transformed into CT2-QM 
via the lithium acetate protocol (Gietz and Schiestl, 2007). Transformants were spread onto 
minimal medium (Yeast Nitrogen Base with Ammonium sulphate) plates with appropriate drop-
out amino acid mixture. Colony-PCR of 8 colonies selected from plates were done to see the 
ISPS gene into CT2-QM genome. Colony-PCR products were confirmed via gel electrophoresis 
under conditions-abovementioned. All Primers are listed in Table 1. 
 Fermentations with constructed 8 strains was performed with YP (1% Yeast Extract, 2% 
Yeast Peptone), 4% Xylose or 4% Glucose of 25 ml medium in 125 ml flasks. 100 rpm at 30 °C 
were used in shake incubator.  
2.2 Codon optimization 
 Populus alba ISPS gene of mRNA sequence was taken from PubMed database 
(Accession No. AB198180). To remove plastid signal peptide of ISPS gene, CholoroP software 
(http://www.cbs.dtu.dk/services/ChloroP/) was used to exact plastid signal peptide, followed by 
adding start codon ATG. Using www.expasy.org with provided abundant codons for amino acid 
sequences in yeast (Zhang et al., 2016), ISPS mRNA sequence with start codon was translated 
into amino acid sequences of Populus alba Isoprene Synthase gene. Two mutations described in 
the literature (Wang et al., 2017) were added to amino acid sequence. The last amino acid 
sequence was converted to final version of ISPS DNA sequence. 
2.3 Analytical Methods 
 OD600 was measured by BioMate spectrophotometer. Agilent HPLC was used to measure 
cell metabolites in the fermentation medium with a refractive index detector (Agilent 
Technologies, Wilmington, DE, USA). The mobile phase was 0.005 N H2SO4. The flow rate was 
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0.6 mL/min, and the column temperature was 50 °C. To extract metabolites from fermentation 
medium, 0.5 ml sample were taken and centrifuged at 15000 rpm for 10 minutes. Supernatant 
was taken; and diluted to run in HPLC.  
To measure isoprene from off-gas of sealed vial, GC with Flame Ionization Detector 
(FID) were used. The oven temperature was set to 50 °C for 1 minute, 20 °C/ minute ramp to 140 
°C, and held for 3 minutes, followed by 2 °C/minute to 150 °C and held for 3 minutes. The 
carrier gas was Helium. The flow rate of Helium was set to 5 ml/minute. Gas-tight syringe were 
used to take gas sample from sealed vials. 250 µl sample were manually injected into GC-FID. 
Gas-Q column, which is porous layer open tubular column (PLOT) has been used.   
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CHAPTER 3: RESULTS 
3.1 Construction of strains and insertion plasmids harboring isoprene synthase  
CT2 was constructed based on D452-2 yeast strain. Since D452-2 is histidine, uracil, and 
leucine-deficient, CT2 has same deficiencies as D452-2 has (Tsai et al., 2015). By making CT2 
tryptophan deficient, CT2-QM was created from CT2 strain. In doing so, CT2-QM became 
histidine, uracil, leucine, and tryptophan-deficient, heralding that four deficiencies can be target 
for inserting gene of interests into CT2-QM genome. The reason why we did prefer genomic 
integration in lieu of plasmid expression system is that it was shown that genomic expression 
was more stable than plasmid expression (Da Silva and Srikrishnan, 2012). Towards that end, 
insertion plasmids were deemed as host vectors. Since all plasmids have auxotrophic markers 
such as histidine for pRS403 plasmid, tryptophan for pRS404 plasmid, leucine for pRS405 
plasmid, uracil pRS406 plasmid, genomic insertion of ISPS gene would be carried out by the 
help of homologous recombination that is highly active DNA repair system in yeast. To make 
insertion into yeast, the first step was to create a cassette harboring promoter-gene of interest-
terminator. The second step was to move the cassette into insertion plasmids, and the last step 
was digesting the insertion plasmids with a certain restriction enzymes and transformation 
digested plasmids into yeast (Figure 3).   
Having decided to integrate multi-copies of ISPS gene from Populus alba into CT2-QM 
strain, ISPS gene from Populus alba codon optimized by deploying codon-abundancy-in yeast 
approach. Synthesized codon-optimized ISPS gene amplified by PCR to introduce XhoI and 
SpeI restriction sites in it (Figure 4a). By digesting with XhoI and SpeI restriction enzymes, ISPS 
gene was aimed to cloning into p42K plasmids harboring strong promoter GPD and terminator 
CYC1. The main goal of using p42K plasmid was to create a cassette with promoter-gene of 
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interest-terminator. ISPS gene was put in between GPD promoter and CYC1 terminator so that 
promoter-gene of interest-terminator cassette can be constructed. The size of empty plasmid 
(without ISPS gene) was 6.7 kb and constructed plasmid (with ISPS gene) was 7.4 kb. All p42K-
GPD-ISPS-CYC1 construction steps were confirmed by gel electrophoresis. (Figure 4b).  
In the following step, promoter-gene of interest-terminator (GPD-ISPS-CYC1) were 
PCR-amplified from p42K-GPD-ISPS-CYC1 plasmid. To eliminate template plasmid, PCR 
product was treated with DpnI that cleaves methylated template in the PCR product. Following 
DpnI treatment, PCR product is purified, run in the gel electrophoresis. The cassette of promoter-
gene of interest-terminator (GPD-ISPS-CYC1) was confirmed in the gel picture (Figure 4c). The 
cassette size was around 2.5 kb. Also, SalI and SacI restriction enzymes sites were introduced 
into cassette to make sticky ends that provides ligation the cassette into insertion plasmids. 
The cassette and the insertion plasmids were digested with SalI and SacI restriction 
enzymes. The cassette ligated into insertion plasmids; and the integrated plasmids` sizes were 
shown in gel electrophoresis (Figure 5). The sizes of all insertion plasmids harboring promoter-
gene of interest-terminator (GPD-ISPS-CYC1) were ranging from 6.9-8.1 kb depending on host 
vector size. The size of pRS403- GPD-ISPS-CYC1 was 6.9 kb; the size of pRS404- GPD-ISPS-
CYC1 was 6.8 kb; the size of pRS405- GPD-ISPS-CYC1 was 8.1 kb; the size of pRS406- GPD-
ISPS-CYC1 was 6.9 kb. Having integrated the cassette into insertion plasmids, StuI, AfiII, 
Bsu36I, NdeI restriction enzymes were used to digest constructed insertion plasmids pRS406, 
pRS405, pRS404, pRS403, respectively. In doing so, insertion plasmids were linearized so that 
they would have homolog sequences to the insertion sites (URA3, LEU2, HIS3, TRP1) of yeast. 
Since homologous recombination DNA repair system prevails over non-homologous end joining 
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DNA repair system in yeast, linearized insertion plasmids with homolog arms would help 
recognize insertion site sequence. 
 All digested plasmids sequentially introduced into CT2-QM strain, resulting in 8 strains 
with different copy number of ISPS gene (Table 2). Taken together, multi-copy ISPS harboring 
CT2-QM strains were created. The strains were confirmed by colony-PCR (Figure 6).   
3.2 Fermentation of multi-copy ISPS harboring strains 
 All strains were inoculated into YP medium with glucose or xylose culture conditions. 
Starting OD were selected as 1. By selecting YP medium, fully xylose consumption by yeast was 
ensured. Also, fermentation at 100 rpm would provide less oxygen that maintains microaerobic 
conditions.   
 Under oxygen-limited condition, majority of the metabolic flux from glucose conversion 
were towards ethanol. Ethanol production was similar for all constructed and control strains. All 
glucose was consumed within 24 hours. All strains showed similar growth trend regardless of 
their genetic background. Ethanol yield was ranging from 0.46 to 0.43 g ethanol/ g glucose under 
glucose culture condition. There was no noticeable difference for ethanol production among all 
strains including controls and ISPS gene harboring strains. For glycerol production, all CT2-I1, 
CT2-I2, CT2-I3, CT2-I4 had steadily decreasing glycerol production compared to control strains. 
Even though the difference of glycerol production was not significant, it gives a hint for other 
metabolic flux distribution towards other metabolic pathways in yeast. 
 For xylose culture condition, cell growth of ISPS harboring strains was slightly better as 
compared to control strains. Within 48 hours, all xylose was consumed by all strains. The xylose 
consumption rate was considerably similar. The highest ethanol production was around 12 g/L 
for all strains. In terms of ethanol production, all strains showed almost identical trend for 
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ethanol production. Another interesting phenomenon occurred under xylose culture condition. As 
ISPS gene sequentially introduced into CT2-QM, glycerol production decreased as it happened 
under glucose culture condition. However, control strains showed less glycerol compared to 
ISPS harboring strain. For instance, CT2-I3 produced more glycerol than did CT2-I3-C. But, 
CT2-I1 produced more glycerol than did CT2-I3. So, ISPS gene somehow affected glycerol 
production as it did under glucose culture condition.  For xylitol production, CT2-I4 showed a 
highest production rate as compared to other strains. Four copy of ISPS had an impact for xylitol 
production; but other three copies of ISPS did not affect xylitol production. 
 Ethanol produced under xylose culture was lower than that of glucose culture condition. 
While ethanol yields of xylose-grown yeasts were 0.28 g ethanol/g xylose, ethanol yields of 
glucose-grown yeasts were 0.46 g ethanol/g glucose. Cell growth of xylose-grown strains 
outperformed that of glucose- grown strains, heralding that xylose metabolic flux is distributed 
towards other than ethanol. In terms of glycerol production, strains did not show significant 
discrepancy under both sugar condition.  
 Having showed the fermentation profiles of strains, the isoprene detection from 
fermentation medium was aimed. To that end, GC-FID were utilized to detect isoprene via gas-
tight syringe. In the early attempt, Innowax column were used to detect isoprene in GC-FID. 
There are inconsistencies of isoprene detection from fermentation medium (data not shown). 
They were shifting peak retention time and showing a peak at the retention time of isoprene from 
CT2-I1-C. To overcome problems associated with the column, we change the column to Gas-Q 
column, which is porous layer open tubular column (PLOT). In doing so, peak shifting was 
eliminated; but CT2-1-C showed a peak that is identical to isoprene peak (Figure 9). Also, 
isoprene detection with spectrophotometer were carried out. In this experiment, control strain 
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without ISPS showed absorbance at 220 nm which is used for isoprene detection in 
spectrophotometer (data not shown). Both analytical experiments proved that yeast is producing 
some compound that is inseparable by FID detector. It is evidently showing that GC with MS 
detector could have been used in lieu of GC-FID. 
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CHAPTER 4: DISCUSSION 
Xylose is an available, abundant carbon source for biofuel production. Hitherto, two 
pathways have proposed to assimilate xylose into yeast cell: Xylose isomerase and Xylose 
reductase/dehydrogenase. Either of pathways have unique disadvantages and advantages in the 
way of utilizing xylose within the cell. Our group did a decade-long arduous research to seek 
putative gene targets for the sake of efficient xylose uptake by yeast. Harboring xylose 
reductase/dehydrogenase pathway genes from Scheffersomyces stipitis, xylose-consuming 
Saccharomyces cerevisiae constructed via genetic perturbation of yeast genome (Wei et al., 
2013). In a brief conclusion, PHO13 and ALD6 deletions improved the metabolic flux coming 
from xylose conversion and avert the accumulation of undesired compounds during xylose 
utilization (Xu et al., 2016). Lignocellulosic value-added non-ethanol product formation is a 
nascent alternative approach through the utilization of xylose by yeast. In our group, we targeted 
amorphadine and squalene to purport that Saccharomyces cerevisiae would funnel more flux 
through MVA pathway under xylose culture condition compared to glucose culture condition. In 
this study, it was reported that 532 mg/L squalene and 254 mg/L amorphadiene were produced 
under xylose culture condition. In doing so, it was proved that xylose-grown yeast has more 
tendency to direct more  metabolic flux towards MVA pathway than glucose-frown yeast (Kwak 
et al., 2017b). With the insights gleaned from the previous research, isoprene as one of the 
isoprenoids from MVA pathway can be overproduced by xylose-consuming yeast. CT2-QM, 
quadruple mutant Saccharomyces cerevisiae has been selected as a platform strain to introduce 
isoprene synthase gene copies into yeast genome. Having constructed insertion plasmids with 
selection markers, four copies of isoprene synthase were introduced into CT2-QM. CT2-QM-
derived ISPS harboring yeasts` fermentation performances were observed under slow agitation in 
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flask fermentation. For xylose culture condition, the biggest challenge was inadequate oxygen 
for xylose conversion. Due in part of limited oxygen, xylitol accumulation was observed. 
Inadequate NADPH from oxidative pentose phosphate pathway led to inefficient xylulose 
conversion for cell metabolism, indicating that there will be more metabolic flux coming to 
pyruvate if more oxygen present. Since glycerol production of xylose culture condition were 
higher than that of glucose culture condition, oxygen will be imperative for efficient xylose 
conversion for isoprene production. Even though sealed vials were used to produce isoprene, 
aerobic xylose fermentation ought to be deployed for isoprene production. With aerobic 
condition, it would be less likely to xylitol accumulation and glycerol production. Under aerobic 
condition there is another challenge, which is isoprene capturing. It was reported that overlaying 
dodecane was not effective for isoprene capturing under aerobic condition. For aerobic isoprene 
production, efficient capturing methods ought to be developed. 
For the future direction of isoprene production from xylose, the isoprene produced by 
engineered yeast should be detected in GC with MS configuration. Since FID detector did not 
show the distinguishable chromatogram between constructed and control strains` peaks, Mass 
spectroscopy would help make a clear separation of gaseous chemical produced during 
fermentation. In the wake of proper isoprene detection, strain optimization can be devised for the 
sake of improvement of isoprene production rate. To that end, using ISPS gene from different 
plants may increase the production since isoprene synthase is lagging behind the MVA/MEP 
pathway metabolic flux to convert DMAPP to isoprene. Low efficiency of ISPS would be 
dispelled by replacing it with high efficiency ISPS gene from different plants.  
Recently, the quest for novel ISPS genes accentuated to avail full potential of isoprene-
producing gene for bioisoprene production (Ilmén et al., 2015; Yeom et al., 2018). Of these 
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novel ISPS genes, Ipomea batatas ISPS has been increasingly paid attention due to its high 
activity towards isoprene production. Ipomea batatas ISPS has low Km, high kcat as compared to 
Populus alba ISPS (Li et al., 2019b). Taken together, we did synthesize codon-optimized 
Ipomea batatas ISPS; and it will be introduced into yeast genome instead of Populus alba ISPS. 
Should Ipomea batatas ISPS be cloned into yeast, it will be first report showing the functionality 
of Ipomea batatas ISPS gene in yeast. Given the fact that majority of publications related to 
bioisoprene production has been using Populus alba ISPS, Ipomea batatas ISPS expression in 
yeast would be influential for future bioisoprene research. Also, DMAPP and IPP is 
interconverted by IPP isomerase that is expressed by IDI1 gene. Even though production of other 
isoprenoids needs DMAPP and isopentyl phosphate (IPP) at the same time, isoprene needs only 
DMAPP. With increasing DMAPP metabolic flux in MVA pathway, we may see more isoprene 
production. To that end, Streptococcus pneumoniae FNI gene coding IPP isomerase were 
introduced into Cyanobacteria. The production rate of isoprene reached to 12.8 µg L-1 h-1 from 
5.1 µg L-1 h-1 (Chaves et al., 2016). In doing so, it was proven that FNI gene from Streptococcus 
pneumoniae has improved carbon partition in favor of DMAPP. We did synthesize this gene, as 
well. In the future, introduction of FNI gene into ISPS gene harboring CT-QM-derived  xylose-
consuming yeast may boost the isoprene production from xylose. 
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TABLES AND FIGURES 
Table 1: Primer list 
PRIMER 
NAME SEQUENCE DESCRIPTION 
JIN 7002 GGGCCCGTCGACCGAGCGTCCCAAAACCTTCT CYC-SALI-APAI 
JIN 7001 
GGGCCCGAGCTCACTAAAGGGAACAAAAGCTG 
GPD-SACI-APAI 
JIN 5863 GGACTAGTAAACAATGTGTTCTGTTTCTACCG 
ISPSM4-F 
CLONING-SpeI 
JIN 5864 CCG CTCGAGTTATCTTTCGAATGGCAAAAT 
ISPSM4-R 
CLONING-XhoI 
JIN 5870 AATTGATGACAATACAGACGATGATAACAA URA forward check 
JIN 5871 GACTGGAAATTTTTTGTTAATTTCAGAGGT LEU forward check 
JIN 5872 TTCTTTTTCTATTACTCTTGGCCTCCTCTA HIS forward check 
JIN 5886 GGAGCACAGACTTAGATTGG TRP forward check 
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Table 2: Plasmids and strains list 
Plasmids Description Sources 
p42K-GPD-
CYC1 pRS42K-pTDH3-tCYC1 
(Liu et al., 
2016) 
p42K-GPD-
ISPS-CYC1 pRS42K-pTDH3-ISPS-tCYC1 This study 
pRS 403 
Insertion plasmid, HIS3 
(Sikorski and 
Hieter, 1989) 
pRS 404 
Insertion plasmid, TRP1 
(Sikorski and 
Hieter, 1989) 
pRS 405 
Insertion plasmid, LEU2 
(Sikorski and 
Hieter, 1989) 
pRS 406 
Insertion plasmid, URA3 
(Sikorski and 
Hieter, 1989) 
pRS 403-GPD-
ISPS-CYC1 pRS403-pTDH3-ISPS-TCYC1 This study 
pRS 404-GPD-
ISPS-CYC1 pRS404-pTDH3-ISPS-TCYC2 This study 
pRS 405-GPD-
ISPS-CYC1 pRS405-pTDH3-ISPS-TCYC3 This study 
pRS 406-GPD-
ISPS-CYC1 pRS406-pTDH3-ISPS-TCYC4 This study 
Strains     
S. cerevisiae 
D452-2  MATα, leu2, his3, ura3, and can1  
(Hosaka 
etal.,1992) 
CT2 
D452-2 PHO13::XYL123 , ALD6::XYL123  leu2, 
his3,ura3 
(Tsai et al., 
2015) 
CT2-QM 
D452-2 PHO13::XYL123 , ALD6::XYL123  leu2, 
his3,ura3, trp1 This study 
CT2-I1 
CT2-QM URA3::pRS 406-GPD-ISPS-CYC1 leu2, 
his3, trp1  This study 
CT2-I2 
CT2-I1 LEU2::pRS 405-GPD-ISPS-CYC1  his3, 
trp1  This study 
CT2-I3 CT2-I2 HIS3::pRS 403-GPD-ISPS-CYC1 trp1  This study 
CT2-I4 CT2-I3 TRP1::pRS 404-GPD-ISPS-CYC1  This study 
CT2-I1-C CT2-QM URA3::pRS 406 leu2, his3, trp1  This study 
CT2-I2-C CT2-I1 LEU2::pRS 405  his3, trp1  This study 
CT2-I3-C CT2-I2 HIS3::pRS 403  trp1  This study 
CT2-I4-C CT2-I3 TRP1::pRS 404 This study 
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Figure 1: Xylose uptake within cell. Xylulose-5-Phosphate is the common intermediate of the 
pentose phosphate pathway for xylose catabolism. XI: Xylose Isomerase, XR: Xylose reductase, 
XDH: Xylitol dehydrogenase 
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Figure 2: Isoprene pathway derived from mevalonate pathway of yeast. This pathway illustrates 
how xylose is consumed by yeast to produce bioisoprene.    
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Figure 3: Schematic representation of insertion plasmids and their genomic insertions into CT2-
QM strain. 
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A)                                     B)                                                       C) 
                         
 
 
Figure 4: p42k-GPD-ISPS-CYC1 plasmid construction confirmation gel pictures. A: Gel picture 
of PCR amplified Isoprene synthase gene from gBlock. B: Gel picture of XhoI/SpeI digestion of 
ISPS gene and p42K plasmid. C: Gel picture of amplified cassette from p42K-GPD-ISPS-CYC1 
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            A) 
 
B)                                                                                                  C) 
 
 
 
Figure 5: Gel pictures of insertion vectors constructed: A: pRS403- GPD-ISPS-CYC1, 
pRS405- GPD-ISPS-CYC1. B: pRS406- GPD-ISPS-CYC1 C: pRS404- GPD-ISPS-CYC1 
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Figure 6: Gel pictures of confirmed colonies that harbor ISPS gene 
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Figure 7: Fermentation profiles of multi-copy ISPS harboring CT-QM strains under glucose 
condition. CT2-I1: CT2-QM URA3::pRS 406-GPD-ISPS-CYC1, CT2-I2: CT2-I1 LEU2::pRS 
405-GPD-ISPS-CYC1, CT2-I3: CT2-I2 HIS3::pRS 403-GPD-ISPS-CYC1, CT2-I4: CT2-I3 
TRP1::pRS 404-GPD-ISPS-CYC1, CT2-I1-C: CT2-QM URA3::pRS 406, CT2-I2-C: CT2-I1 
LEU2::pRS 405, CT2-I3-C: CT2-I2 HIS3::pRS 403, CT2-I4-C: CT2-I3 TRP1::pRS 404. 
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Figure 8: Fermentation profiles of multi-copy ISPS harboring CT-QM strains under xylose 
condition. CT2-I1: CT2-QM URA3::pRS 406-GPD-ISPS-CYC1, CT2-I2: CT2-I1 LEU2::pRS 
405-GPD-ISPS-CYC1, CT2-I3: CT2-I2 HIS3::pRS 403-GPD-ISPS-CYC1, CT2-I4: CT2-I3 
TRP1::pRS 404-GPD-ISPS-CYC1, CT2-I1-C: CT2-QM URA3::pRS 406, CT2-I2-C: CT2-I1 
LEU2::pRS 405, CT2-I3-C: CT2-I2 HIS3::pRS 403, CT2-I4-C: CT2-I3 TRP1::pRS 404 
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Figure 9: Overlapped GC-FID chromatograms of constructed strains in sealed vials 
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SEQUENCES 
Codon optimized of Populus alba ISPS  
ATGTGTTCTGTTTCTACCGAAAACGTTTCTTTCACCGAAACCGAAACCGAAGCTAGA
AGATCTGCTAACTACGAACCAAACTCTTGGGACTACGACTACTTGTTGTCTTCTGAC
ACCGACGAATCTATTGAAGTTTACAAGGACAAGGCTAAGAAGTTGGAAGCTGAAGT
TAGAAGAGAAATTAACAACGAAAAGGCTGAATTCTTGACCTTGTTGGAATTGATTG
ACAACGTTCAAAGATTGGGTTTGGGTTACAGATTCGAATCTGACATTAGAGGTGCTT
TGGACAGATTCGTTTCTTCTGGTGGTTTCGACGCTGTTACCAAGACCTCTTTGCACGG
TACCGCTTTGTCTTTCAGATTGTTGAGACAACACGGTTTCGAAGTTTCTCAAGAAGCT
TTCTCTGGTTTCAAGGACCAAAACGGTAACTTCTTGGAAAACTTGAAGGAAGACATT
AAGGCTATTTTGTCTTTGTACGAAGCTTCTTTCTTGGCTTTGGAAGGTGAAAACATTT
TGGACGAAGCTAAGGTTTTCGCTATTTCTCACTTGAAGGAATTGTCTGAAGAAAAGA
TTGGTAAGGAATTGGCTGAACAAGTTAACCACGCTTTGGAATTGCCATTGCACAGAA
GAACCCAAAGATTGGAAGCTGTTTGGTCTATTGAAGCTTACAGAAAGAAGGAAGAC
GCTAACCAAGTTTTGTTGGAATTGGCTATTTTGGACTACAACATGATTCAATCTGTTT
ACCAAAGAGACTTGAGAGAAACCTCTAGATGGTGGAGAAGAGTTGGTTTGGCTACC
AAGTTGCACTTCGCTAGAGACAGATTGATTGAATCTTTCTACTGGGCTGTTGGTGTT
GCTTTCGAACCACAATACTCTGACTGTAGAAACTCTGTTGCTAAGATGTTCTCTTTGG
TTACCATTATTGACGACATTTACGACGTTTACGGTACCTTGGACGAATTGGAATTGTT
CACCGACGCTGTTGAAAGATGGGACGTTAACGCTATTAACGACTTGCCAGACTACAT
GAAGTTGTGTTTCTTGGCTTTGTACAACACCATTAACGAAATTGCTTACGACAACTT
GAAGGACAAGGGTGAAAACATTTTGCCATACTTGACCAAGGCTTGGGCTGACTTG 
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TGTAACGCTTTCTTGCAAGAAGCTAAGTGGTTGTACAACAAGTCTACCCCAACCTTC
GACGACTACTTCGGTAACGCTTGGAAGTCTTCTTCTGGTCCATTGCAATTGGTTTTCG
CTTACTTCGCTGTTGTTCAAAACATTAAGAAGGAAGAAATTGAAAACTTGCAAAAGT
ACCACGACACCATTTCTAGACCATCTCACATTTTCAGATTGTGTAACGACTTGGCTTC
TGCTTCTGCTGAAATTGCTAGAGGTGAAACCGCTAACTCTGTTTCTTGTTACATGAG
AACCAAGGGTATTTCTGAAGAATTGGCTACCGAATCTGTTATGAACTTGATTGACGA
AACCTGGAAGAAGATGAACAAGGAAAAGTTGGGTGGTTCTTTGTTCGCTAAGCCAT
TCGTTGAAACCGCTATTAACTTGGCTAGACAATCTCACTGTACCTACCACAACGGTG
ACACCCACACCTCTCCAGACGAATTGACCAGAAAGAGAGTTTTGTCTGTTATTACCG
AACCAATTTTGCCATTCGAAAGATAA 
Codon-optimized Ipomea batatas ISPS Sequence 
ATGACGGCACGTAGATCTGCCAACTACCAACCATCCAGCTGGTCTTACGACGAATAC
TTGGTTGACACGACAACGAACGACTCGAAGTTAAGGATTCAAGAGGACGCTAGGAA
GAAGTTAGAAGAGGAAGTTAGAAACGTGTTGGAAGACGGAAAGTTGGAAACGTTG
GCGTTGTTAGAATTGATCGACGACATTCAAAGACTTGGCTTAGGATACAAGTTCAGG
GAATCGACATCCACCTCTTTAGCTATGTTGAAGATGTCTGTTGGTCAGGAAGCTAGT
AACTCTTCTCTACACTCATGTTCTCTTTATTTCAGATTGCTTAGAGAACACGGGTTCG
ACATTACTCCAGACGTTTTCGAAAAGTTCAAGGATGAAAACGGAAAGTTCAAGGAC
TCAATCGCAAAGGACGTGAGAGGTTTACTATCCCTGTACGAAGCTAGTTTCTTGGGT
TTCGAAGGTGAAAACATTCTAGACGAAGCTAGAGAATTCACCACAATGCACTTGAA
CAACATAAAGGACAAGGTCAACCCTAGAATCGCTGAGGAAGTTAACCACGCGCTGG
AACTACCATTACACCGTAGAGTTGAACGTTTGGAAGCAAGAAGAAGAATTCAATCT
TACTCAAAGTCAGGAGAAACTAACCAAGCCTTATTAACTCTTGCGAAGATAGACTTC
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AACACAGTCCAAGCGGTTTACCAAAGAGACCTACAAGACGTTTCAAAGTGGTGGAA
GGACACAGCTTTAGCGGACAAGTTATCCTTCGCTAGAGACAGGCTGATGGAATCATT
CTTCTGGGCCATTGGAATGTCATACGACCCACAACACTCTAAGTCTAGAGAAGCAGT
TACGAAGACCTTCAAGTTGGTTACAGTATTAGACGACGTCTACGACGTCTACGGTTC
TTTGGACGAACTTGAAAAGTTCACGGCCGCCGCAGAAAGATGGGACGTCGACGCAA
TTAAGGACTTGCCCGACTACATGAAGTTATGTTACTTGTCTTTATTCAATACGGTTAA
CGATTTGGCCTACGACACCCTTAAGGACAAGGGTGAAACCGTAATTCCGATCATGA
AGAAGGCATGGGCAGACCTGCTGAAGGCTTTCTTACAAGAGGCGCAATGGATTTAC
AACAAGTACACCCCCACTTTCGACGAATACCTTAACAATGCTAGATTCTCTGTTTCT
GGTTGTGTTATGTTGGTCCACTCGTACTTCACTACGCAAAACATTACTAAGGAAGCT
ATTCACAGTCTAGAAAACTACCACGACTTACTTATTTGGCCATCGATTGTTTTCAGAC
TAGCAAACGACCTGTCTTCTAGTAAGGCTGAAATAGAAAGAGGCGAAACAGCTAAC
TCAATCACTTGTTACATGAACGAAACTGGTCAATCAGAAGAACAGGCGAGAGAACA
CATAAGTAAGTTAATTGACGAATGTTTCAAGAAGATGAACAAGGAAATGTTAGCGA
CTAGCACCAGCCCTTTCGAAAAGTCGTTCATTGAAACGGCTATCAACTTGGCCAGAA
TCGCTTTATGTCAATACCAATACGGTGACGCTCACTCTGACCCTGACGTTAGAGCAC
GTAACAGAATTGTCTCGGTTATTATTAACCCAGTAGAATAA 
Codon-optimized Streptococcus pneumoniae FNI Sequence 
ATGACCACCAACAGAAAGGATGAACACATACTGTACGCCCTGGAACAAAAATCATC
TTATAATAGCTTCGACGAGGTGGAATTAATCCACTCCAGTCTTCCCCTTTACAATCTT
GATGAAATCGACCTGTCAACCGAATTCGCCGGCAGAAAATGGGACTTTCCATTTTAT
ATAAATGCCATGACTGGCGGAAGCAATAAAGGTAGAGAAATTAACCAGAAGTTAGC
ACAAGTCGCAGAAACTTGCGGCATATTATTTGTTACCGGCTCCTACAGTGCCGCGCT
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AAAGAATCCTACAGATGATTCCTTTTCAGTTAAGTCCAGCCACCCCAATCTTTTACTG
GGAACTAACATTGGTCTGGATAAACCTGTGGAGCTAGGTTTGCAAACAGTTGAGGA
AATGAACCCCGTCCTACTACAGGTACATGTAAACGTCATGCAAGAGCTACTAATGCC
AGAAGGCGAACGTAAATTCCGTAGTTGGCAAAGTCATCTAGCCGACTATTCTAAGC
AGATTCCCGTCCCTATCGTGCTAAAGGAGGTTGGATTTGGCATGGATGCTAAGACTA
TCGAGCGTGCCTACGAATTTGGCGTTAGGACCGTCGATCTTAGCGGGAGAGGCGGT
ACATCTTTTGCATATATTGAGAATAGAAGATCAGGACAAAGAGATTATTTGAACCAA
TGGGGGCAATCCACCATGCAGGCTCTTCTAAACGCGCAAGAGTGGAAAGACAAGGT
TGAGCTATTAGTTAGCGGCGGGGTTAGGAATCCTCTAGACATGATCAAGTGTTTGGT
ATTCGGAGCAAAGGCGGTAGGCTTATCTCGTACAGTGTTGGAGTTGGTCGAGACCTA
CACTGTGGAGGAAGTCATTGGAATTGTGCAAGGATGGAAGGCTGATTTGCGTTTAAT
AATGTGCTCCTTAAACTGTGCTACAATTGCGGACCTACAGAAAGTAGACTACCTGTT
ATACGGGAAGCTAAAGGAAGCCAACGATCAGATGAAAAAATAA 
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